We investigated the photoconductivity of single ZnO nanowire device as a function of the surrounding atmosphere, considering the comparison between reduced pressure, inert gas environments, and air. We show that after UV excitation the photocurrent persists for hours, in particular in vacuum, nitrogen, and argon. In the presence of oxygen, the photodecay rate is initially fast but then becomes considerably slower, resulting in a long persisting photo-conductivity tail. Our proposed model explains the persistence of the photoconductivity (PPC) in terms of band bending at the surface of the nanowires, which is related to the trapping of electrons from the conduction band.
Introduction
The possibility of integration of semiconducting nanowires into electronic devices improved considerably during the last decade, giving rise to a dramatic enhancement of the application range in nanoelectronics and optoelectronics, gas, and biosensing and photodetection [1] [2] [3] . Due to the small size of the diameter (around 100 nm), surface related effects can significantly influence the electronic and optical properties of the nanowires. For example, observations of enhanced UV sensitivity of ZnO nanowires compared to corresponding thin films have been reported [4, 5] and attributed to the increased surface-to-volume ratio. For this reason, ZnO has attracted attention as a promising material for fabrication of UV photodetectors based on nanowires. The ease of the growth technique and the intrinsic ntype conductivity properties are further important elements, which make the implementation of ZnO nanowires as a block component for UV photodetector devices convenient.
However, the major drawback for photodetection applications with ZnO is the strong persistence of the photoconductivity (PPC) after UV excitation, which prevents a fast recovery of the dark current. This effect has been observed not only in nanowires [6] [7] [8] but also in thin film and bulk [9, 10] . There are some controversial opinions about the origin of the persistence of the photoconductivity; some authors attributed it to the slow trapping of photoexcited electrons at surface defects [7, 8, 11] , whereas others [12] [13] [14] [15] assigned the effect to the presence of metastable conductive states related to bulk oxygen vacancies. Some further studies are therefore necessary in order to clarify the possible origin of this effect.
In this study, we present the dependence of the photoconductivity properties of ZnO nanowires on the surrounding atmosphere, considering in particular the effect of reduce pressure and the presence of inert gases like argon and nitrogen in comparison with air.
Experimental
The nanowires used were grown by vapor transport on top of Si substrates enabled by the vapor-liquid-solid method, at a pressure of 100 mbar with a growth temperature of 1050 ∘ C. Further details of the growth procedure are described elsewhere [16] UV photolithography, and 10 nm of Ti and 100 nm of Au were deposited by e-beam evaporation. The substrate was then glued to a chip carrier and some selected single ZnO nanowire devices were bonded with a 25 m gold wire to the electrical pads of the carrier. A typical device is showed in Figure 1 . The sample was placed in a sealed chamber and connected to a Source-measure Unit (SMU) Keithley (Model 237) by means the electrical measurements were performed.
A UV LED light source with a central emission around 370 nm and an emission intensity of 10 mW/cm 2 was used to excite the devices. Electrical measurements were performed under vacuum conditions at 10 −5 mbar, in nitrogen in air or argon atmosphere (at a pressure of 1 atm). Prior to every measurement the sample was kept in the chamber in dark for at least 24 hours, in order to reach a constant value of the dark current.
Results and Discussion
The current voltage (I-V) characteristics of a typical device, shown in Figure 2 , are quite symmetric for all environment conditions investigated, indicating good ohmic contacts on both sides. Under UV excitation the current increases by some orders of magnitude, in particular under vacuum. The temporal dependence of the photoconduction increase is illustrated in Figure 3 in more detail: the current rises quickly within the first seconds of UV excitation and afterwards at a slower rate. As can be seen in the linear scaled inset of Figure 3 , the photocurrent in nitrogen and argon reaches a saturation value after two hours of illumination, whereas it does not stop to increase under vacuum conditions. When the LED is switched off, the photocurrent decays extremely slowly, both in vacuum or inert gas atmospheres, decreasing by less than one order of magnitude in 3 hours, as shown in Figure 4(a) . Only when air is introduced into the chamber the decay rate speeds up drastically. Figure 4(b) shows a magnification of the photocurrent decay immediately after letting air into the chamber. It is clearly seen that the initial drop is extremely fast, but afterwards the current decreases much more slowly.
The experimental results suggest that the presence of oxygen molecules in the surrounding atmosphere plays the major role in the photoresponse properties of ZnO nanowires, as nitrogen alone does not have such a significant effect. It is well known that in dark the surface of ZnO is always partially covered by adsorbed oxygen, which tends to bond in particular at surface oxygen vacancies sites [17, 18] and to trap electrons from the conduction band. This process results in the formation of an upward band banding at the surface and a corresponding depletion region [19] . The conductivity of our device in dark is thus determined by the nondepleted core of the nanowire.
As illustrated in Figure 5 (a), when the UV light is switched on, the initial band bending separates quickly the photogenerated carriers, sweeping the holes toward the surface and keeping the electrons in the inner part of the nanowires. Due to this separation, the probability of carrier recombination is relatively low and the lifetime of the electrons in the conduction band becomes higher than in the bulk-case within the flat band approximation (around 100 ps) [20] . The photoconductivity rises thus initially extremely fast, as clearly shown in Figure 3 . After a few minutes, the current continues to increase, but at slower rate, in particular in argon and nitrogen atmospheres. To interpret this result, we assume that the photogenerated holes localized at the surface can induce desorption of the oxygen from the surface of the nanowire, by recombining with the trapped electrons. As a result of this process the concentration of electrons previously trapped at the surface reduces and correspondingly the height of the upward band bending lowers, as it is illustrated in Figure 5 (b). Since this energy barrier decreases, the probability that electrons from the conduction band can overcame it and reach the surface becomes higher. Therefore, some of them can get trapped again, favoring the process of oxygen re-adsorption. After a while an equilibrium between the desorption and re-adsorption rate will be reached, and the photocurrent saturates. In vacuum the rate of the photocurrent increase remains relatively high, because the desorbed oxygen is continuously pumped away and there is consequently a low probability of readsorption, which is not the case for the nitrogen and argon atmospheres. The measurements in these gas atmospheres are performed under static conditions (and not under continuous gas flow) and therefore the probability of oxygen readsorption according to the proposed mechanism is higher. This is the reason why the saturation of the current is observed in argon and in nitrogen but not under vacuum conditions.
When the UV light is switched off, the current photocurrent starts to decay slowly as a result of the trapping of electrons from the conduction band due to the readsorption of the few oxygen molecules present in the atmospheres investigated. As soon as air is introduced into the chamber, the oxygen concentration in the surrounding of the nanowire increases suddenly, inducing immediately a faster trapping of electrons and a corresponding fast drop of the photocurrent. As a consequence, after a while the height of the band bending rises again, and therefore the probability of further electron trapping lowers, resulting in a decrease of the photodecay rate (as evident in Figure 4(b) ).
Conclusions
In conclusion, we investigated the effect of different atmospheres on the photoconductivity properties of single ZnO nanowire devices, and we observed that in presence of inert gases (nitrogen and argon) and under reduced pressure the photocurrent tends to persist for a long time after UV excitation. In the presence of oxygen, the photocurrent decay is initially faster but presents anyway a long tail of persistent photoconductivity. Oxygen is supposed to adsorb on the ZnO surface, trapping electrons from the conduction band. This is the main process, which leads to the initial drop of the photo-current. After a while, the accumulation of negative charge at the surface determines an increase of the height of an upward surface band bending, and this prevents a further trapping of electrons from the conduction band. As a result, the photoconductivity of the nanowire tends to persist and only after hours the original value of the dark conductivity is reached. Our results are in agreement with other studies, which attribute the persistence of the photoconductivity to surface properties of the nanowire [7, 8, 11] . Due to the strong dependence of the effect on the presence of atmospheric oxygen, the long decay of the photo-current cannot be induced by bulk defects of ZnO. Figure 5 : (a) The photogenerated electrons and holes in a ZnO nanowire are separated due to the built-in electric field cause by the band bending. The life-time of the pair is thus increased and the photoconductivity rises fast; (b) as the excitation process continues, the energy barrier at the surface lowers and oxygen molecules can readsorb. This leads to an equilibrium between adsorption and readsorption and as a consequence the photo-current saturates. In both figures, the color of photogenerated-carriers is blue, whereas other electrons in the conduction band determine the intrinsic n-type conductivity of ZnO and are indicated in black. The green arrows describe the retrapping of electrons and the oxygen readsorption.
